Abstract-Vitreoretinal surgery is associated with serious complications that can easily stem from excessive tissue manipulation forces while the forces required for such surgery are routinely well below human tactile sensation. Despite the critical need in this area, there is still no practical vitreoretinal instrument that can sense both the axial and transverse tool-totissue interaction forces with sub-mN accuracy. In this study, we present the conceptual design and optimization of a 3 degrees-of-freedom (DOF) force sensing micro-forceps as the next generation of our force sensing instruments. 4 fiber Bragg grating (FBG) strain sensors are integrated in the design to measure tool tip forces.
I. INTRODUCTION
In retinal microsurgery, manipulation of extremely delicate tissues is required, which are performed by applying very small forces that are well below human tactile sensation. While the majority of forces applied during in-vitro retinal manipulation in porcine cadaver eyes were found to be below 7.5 mN [1] , application of beyond this limit can easily lead to serious complications such as iatrogenic retinal breaks [2] [3] [4] , vitreous hemorrhage as well as subretinal hemorrhage [5] . Thus, force sensing instruments emerge as a critical need in vitreoretinal surgery for improving safety and better surgery outcomes.
There have been various studies proposing various force sensing solutions in microsurgery and minimal invasive surgery (MIS): Semiconductor strain gauges were used as force sensors on robotic microgrippers [6] . Utilizing the diffractive optical MEMS encoders, a force sensing siliconnitride probe was built [7] . For laparoscopic instruments in MIS, a tri-axial force sensor was developed based on intensity-modulated fiber optic sensing [8] . A 6-DOF force sensing forceps was designed for MIS [9] . The sensor utilized 6 strain gauges mounted on a Steward platform. None of these approaches are applicable to vitreoretinal surgery due to challenging size and resolution requirements. A miniature 3-DOF force sensing microsurgical instrument with sub-mN resolution was developed by Berkelman et al. [10] . This strain gauge based force sensor was mounted on the handle of a microsurgical instrument by Jagtap et al [11] . However, when forces exerted during several vitreoretinal surgery tasks were measured in-vivo in rabbits, they were considerably higher than the results presented in [1] . This can be explained by the friction and other forces between the tool and the trocar, which can significantly attenuate or distort the propagation of the forces to the tissues inside of the eye. Therefore, a handle mounted force sensor is not practical for vitreoretinal surgery. With this motivation, a family of instruments with force sensing was developed at Johns Hopkins University, which can measure the force directly at the tool tip inside the eye. First, a 1-DOF force sensing tool [12] , then a 2-DOF pick like instrument [13] were built with FBG sensors. The 2-DOF pick was also used in combination with the steady-hand robot [16] . This was followed by a manual pair of 2-DOF force sensing forceps [14] , and a 2-DOF forceps that can be used with the steadyhand robot [15] since membrane peeling is mostly done with forceps.
In this paper, we report the next step of our force sensing instruments: a 3-DOF force sensing forceps compatible with the steady-hand robot. In the following sections, we will first present the conceptual design, and the optimization steps of our new tool. This will be followed by the simulation results of the optimal design and related force computation algorithm. 
II. DESIGN

A. Force Sensing
Accurate sensing of tool to tissue interactions in vitreoretinal surgery is an important but a significantly challenging task due to both form factor constraints and measurement resolution requirements. In order to measure forces applied solely at the instrument tip without any contribution from the sclerotomy site, the force sensor has to be functioning inside the eye close to the tool tip. This requirement implies several limitations in terms of availability of force sensing technologies: (1) the sensing tool should be thin so that it can be introduced into the eye through a ~25 Ga (max. 20 Ga) sclerotomy opening; (2) It has to be either inexpensive for a disposable design or sterilizable for multiple uses; (3) the sensor itself has to be biocompatible (not toxic or injurious to the eye) as it will be introduced into the eye during the surgery; (4) the measurements should have sub-mN accuracy since the forces associated with vitreoretinal microsurgery are routinely less than 7.5 mN. Under these limitations, using FBG strain sensors is a possible good option, and has revealed promising results in 2-D force sensing instruments so far [12] [13] [14] [15] . In these designs, 3 FBGs were mounted around the tool shaft to sense transverse loading at the tool tip. In designing 3-DOF forceps we followed a similar approach. The transverse loading is still measured via the 3 (lateral) FBGs on the outer tube of the forceps. However, additionally, a 4 th axial FBG is located in the central tube for measuring the axial forces. In this case, it is significantly challenging to make a disposable tool by having a detachable separate force sensing module as in [15] . For practical and fabrication based reasons, we focus on a reusable and sterilizable design. As shown in Fig. 2 , the tubes carrying the lateral and axial FBGs are connected to each other via the inner and outer arms of the grasper jaws, which function as a flexure. Besides the grasping motion, an important duty of this flexure is the decoupling of forces so that the axial FBG remains insensitive to transverse loading. Similarly, due to design of the grasper jaws and the coupling with tubes, the strain on lateral FBGs is minimal in the presence of axial forces. Such axial-transverse force decoupling is accomplished through design optimization of the grasper jaws and verified through sensitivity analyses in the following sections.
B. Grasping Mechanism
In designing forceps, there exist two main design approaches depending on the neutral position of the grasper jaws: a normally closed design vs. a normally open configuration. The forces of interest in vitreoretinal surgery are mainly the forces after the tissue is grasped. This requires the FBGs to be as much strain-free as possible while the jaws are closed. In our design, in order to reserve the limited strain range of FBGs only for tool-to-tissue interaction forces, and not to waste it by inner actuation forces, we preferred a normally closed design as shown in Fig 2. The actuation of the forceps is accomplished by the relative motion of two concentric tubes that form the tool shaft. The inner and outer tubes carry the axial and lateral FBGs respectively, and are connected to each other via the inner and outer arms of the grasper jaws. The outer tube can be actuated by sliding the circular ring up and down. A spring with adjustable pre-tension helps keeping the jaws closed and modifying the grasping force as desired during use. Pulling the circular ring up opens the graspers, and when released the forceps is closed under the force applied by the pre-tension spring and the graspers' own stiffness. 
C. Optimization
The design of the graspers in our concept has a large impact on the induced strain on each tube, which is important for the decoupling of axial-transverse forces, and for better sensitivity. The compliance of the graspers also defines the actuation force. For easier operation and minimal inner stresses during use, it is desirable to minimize the actuation force -the required pulling force on the outer tube (Fig. 2) . Minimum actuation force, complete decoupling and maximum sensitivity can simultaneously be obtained by designing very flexible graspers and using flexible innerouter tubes. However, such a design would also make grasping and accurate tool positioning a real challenge. In addition, limited manufacturing capabilities and associated fabrication cost have to be considered in optimizing the design.
We optimized the jaws of our forceps under the goal of minimizing actuation force while preserving a minimum grasping force of 20 mN (without the pre-tension spring) and considering laser cutting limits. The material was specified as nitinol (SE508 from Nitinol Devices & Components, Inc.) for its super-elastic properties with a sheet thickness of 0.4 mm. The variable parameters involved in the design of our graspers are shown in Fig 3a. The effect of each parameter on the actuation force is presented in Fig. 3b , which is obtained by static analyses on 27 different designs in SolidWorks. Accordingly, increasing the jaw length, the jaw width and decreasing the arm thickness provide smaller actuation force. The effect of jaw length on the actuation force is most significant when greater arm thicknesses are considered while the jaw width is not critical especially for longer jaws. On the other hand, tuning all these parameters so as to minimize actuation force reduces the grasping force. For this reason, the minimum grasping force criterion defines a bound on these variables. In addition to functional requirements, the design variables are also limited by application based facts and manufacturing capabilities. The jaw length cannot be greater than 14 mm since the adult human eye ball is typically below 24 mm in diameter, 10 mm of which is already occupied by the active segment of FBGs. The jaw width cannot be increased too much since the instrument has to pass through a 20 Ga trocar (0.9 mm ID). However, this limit can be slightly exceeded as long as the tool can be squeezed to pass through the trocar without breaking. Finally, the links on the jaws cannot be thinner than 50 microns as smaller values would make laser cutting really challenging, or in some cases even impossible depending on the equipment available. Considering all of these, the optimal values of the design variables were selected as shown in Table I . The true scale deformation under 0.7 N of actuation force and the corresponding stress distribution of the optimal design is shown in Fig. 4a . The opening between the jaws ranges between 0-0.8 mm for forces between 0-0.7 N, which should be sufficient for grasping and peeling thin membraneous layers inside the eye. Another concern in forceps design is the life-time of the jaws. Being subject to cyclic loading during use, the jaws will eventually break due to fatigue. Both the magnitude and frequency of applied actuation forces is important in determining the life time of the instrument. Since most of the tool tip-to-tissue forces normally range between 0 and 10 mN [1] , small damage is caused during tissue manipulation. The life limiting damage mainly stems from the opening and closing motion of the jaws. Shown in Fig. 4b is the total life of the optimal design considering an average actuation force of 1N. Accordingly, the instrument is expected to function for over 60,000 opening-closing cycles before failure. However, this approximate value will be lower with greater applied forcing and as a consequence of the wear and tear caused sterilization. 
III. SENSITIVITY AND CHARACTERIZATION
A. Sensitivity Analysis
Simulations were done to determine the strain induced on each FBG under 3 loading cases using SolidWorks. The FBG configuration, axis directions, applied loads and resulting strains are shown in Fig. 5 . When the loading was increased gradually, linearly increasing strain response was obtained, as expected. The slope of each line in this figure denotes the relative sensitivity of the associated FBG sensor with regard to the related loading case. When there is pure axial loading on the tool tip, almost no strain is induced on the lateral FBGs. Similarly, application of only transverse forces does not cause a significant variation in axial FBG strain. The slope values presented in Table II indicate that successful decoupling is accomplished via this jaw design. 
B. Force Computation
In actual use, a combination of the simulated forces in Fig. 5 will be acting on the tip. Based on the sensitivities in Table II , these forces can be computed directly from FBG readings. The measured wavelength shift for each FBG channel (λ) is related to the force induced normal strain (ε F ) and the temperature induced strain (ε T ) via equation (1):
The contribution from the ambient temperature variation can be eliminated by taking the average of all measurements and subtracting this mean value from the actual readings to form a new data set (Δλ) [13] . The linear relationship given by (2) gives the tip forces based on the force induced strain, where S is the sensitivity matrix formed based on the values in Table II , and S + denotes its pseudoinverse: The computed tip forces are then mapped into auditory signals to provide real-time auditory feedback to the surgeon. Such auditory sensory substitution gives a very clear cue on the applied forces even when they are well below human tactile threshold, and is an effective method for limiting forces in critical tasks such as membrane peeling [15, 16] .
IV. CONCLUSION
This paper has reported the conceptual design optimization of a 3-DOF force sensing micro-forceps for vitreoretinal surgery. Force sensing was provided by using 4 FBG sensors along the tool shaft. The active segments were located close to the distal end in order to sense only the tip forces. 3 FBGs located on the outer tube provided transverse loading information while a central FBG was used to measure axial forces. The decoupling between transverse and axial forces was accomplished by the design of grasper jaws as a compliant mechanism. The effect of various parameters involved in jaw design were analyzed, and optimal values were determined based on grasping force, actuation force, and various feasibility criteria. Simulations on the optimal design have revealed that the design targets have been met and successful force decoupling have been achieved.
Having optimized the design, we are currently in the phase of exploring fabrication alternatives. Upon fabrication and calibration of the tool, the performance will be compared with the simulation results presented in this paper. Our goal is to validate and compare both the hand-held and the Steady-Hand Robot assisted performance by conducting initially ex-vivo, and ultimately in-vivo experiments.
